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ABSTRACT
We report on Chandra, RXTE, Swift/BAT and MAXI observations of a ∼1 day
X-ray flare and subsequent outburst of a transient X-ray source observed in October–
November 2011 in the globular cluster Terzan 5. We show that the source is the same
as the transient that was active in 2000, i.e., the neutron star low-mass X-ray binary
EXO 1745–248. For the X-ray flare we estimate a 6–11 hr exponential decay time and
a radiated energy of 2− 9× 1042 erg. These properties, together with strong evidence
of decreasing blackbody temperature during the flare decay, are fully consistent with
what is expected for a thermonuclear superburst. We use the most recent superburst
models and estimate an ignition column depth of ≈ 1012 g cm−2 and an energy release
between 0.1 − 2 × 1018 erg g−1, also consistent with expected superburst values. We
conclude therefore that the flare was most probably a superburst. We discuss our
results in the context of theoretical models and find that even when assuming a few
days of low level accretion before the superburst onset (which is more than what is
suggested by the data), the observations of this superburst are very challenging for
current superburst ignition models.
Key words: Keywords: accretion, accretion disks — binaries: close — stars: individ-
ual (EXO 1745-248) — stars: neutron — X–rays: stars
1 INTRODUCTION
Thermonuclear Type-I X-ray bursts are caused by unstable
burning of a several meters thick layer of accreted H/He on
the surface of neutron stars (NSs) in low-mass X-ray binary
(LMXB) systems (e.g. Lewin et al. 1993). Manifesting them-
selves as a sudden (seconds) increase in the X-ray luminosity
and reaching levels that can be many times brighter than the
persistent (accretion) luminosity, typical bursts emit about
1039 − 1040 ergs, last seconds to minutes, and have light
curves that are well described by a fast-rise exponential-
decay profile. Their spectra are generally consistent with a
⋆ E-mail:d.altamirano@uva.nl
blackbody temperature Tbb = 2–3 keV, where Tbb increases
until the burst peak, and then decreases exponentially. This
is naturally interpreted as heating resulting from the initial
fuel ignition, followed by cooling of the ashes (and additional
hydrogen burning through a series of rapid proton captures
and β-decays, e.g., Schatz et al. 2001) once the main avail-
able fuel is exhausted. Type-I X-ray bursts are a common
phenomenon in NS-LMXBs. They have been observed in
about 100 sources and, depending on the conditions (e.g,
accretion rate, composition of the fuel, etc.) can have recur-
rence times between minutes and weeks (e.g. Galloway et al.
2008; Linares et al. 2011).
Superbursts are a class of extremely long-duration
bursts which are attributed to the unstable thermonu-
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clear burning of a ∼100 meter thick carbon-rich layer,
formed from the ashes of normal Type-I X-ray bursts
(Cumming & Bildsten 2001). Superbursts tend to quench
the regular Type-I bursts for weeks afterwards, proba-
bly because the cooling flux from the superburst tem-
porarily stabilizes the H/He burning (Cumming & Bildsten
2001; Cumming & Macbeth 2004; Keek et al. 2012). The
difference in fuel composition between Type-I X-ray
bursts and superbursts leads to a clear difference in
time scales, recurrence times and energetics, where su-
perbursts last for a few hours, recur every one-to-few
years and emit 1041 − 1042 ergs. With such long recur-
rence times superbursts are difficult to catch. While thou-
sands of Type-I X-ray bursts have been observed (e.g.
Galloway et al. 2008), to date only about 22 (candidate)
superbursts have been observed from 13 sources (see, e.g.,
Wijnands 2001; Kuulkers et al. 2004; Keek & Heger 2011;
Altamirano et al. 2011b; Chenevez et al. 2011; Mihara et al.
2011; Asada et al. 2011, and references therein).
Terzan 5 is a globular cluster containing 50 known
X-ray sources, of which ∼12 are likely LMXBs contain-
ing neutron stars (e.g. Heinke et al. 2006). During 2011
we monitored Terzan 5 on a weekly basis with Rossi X-
ray Timing Explorer (RXTE) observations to search for
transient X-ray flares and/or outbursts. At 4:57 UT, Oc-
tober 26th 2011, an RXTE pointed observation measured
a 2–16 keV intensity of ∼8 mCrab, significantly above the
typical quiescent intensity of ∼2 mCrab (Altamirano et al.
2011a). Approximately 8 hours earlier, INTEGRAL mon-
itoring observations of Terzan 5 did not detect any en-
hanced activity, with a 5σ upper limit of 6 mCrab in the
3–10 keV energy band (Vovk et al. 2011). The RXTE de-
tection was confirmed by the Swift/BAT daily-averaged flux
measurements (Altamirano et al. 2011a), as well as by a
Swift/XRT pointed observation performed ∼11 hours af-
ter the RXTE one (Altamirano et al. 2011b). The position
of the source from these Swift/XRT data was consistent
(Altamirano et al. 2011b; Evans et al. 2011) with that of the
transient NS-LMXB that was active in 2000 (which we refer
to as EXO 1745–248, though it is not necessarily the EX-
OSAT source; see Markwardt et al. 2000; Wijnands et al.
2005). This result was later confirmed by a preliminary anal-
ysis of a pointed Chandra observation (Pooley et al. 2011).
Just before the INTEGRAL non-detection, MAXI and
Swift/BAT light curves of Terzan 5 revealed an X-ray flare
that lasted less than a day. We identified this flare as
a possible superburst based on its duration, shape of its
light curve and estimated radiated energy of ∼1042 ergs
(Altamirano et al. 2011b). Our speculations were supported
by the results of Mihara et al. (2011) who used the MAXI
data and showed that (i) the spectra of the flare were well
modeled with a blackbody component at ∼2–3 keV and that
(ii) there was an apparent decrease of the black-body tem-
perature, which is usually interpreted as the cooling of the
neutron star surface after a thermonuclear burst (see, e.g.,
Lewin et al. 1996). Very recently, Serino et al. (2012) have
presented a detailed analysis of the MAXI data supporting
the superburst identification.
The occurrence of a superburst in the transient NS-
LMXB 4U 1608–522 after 55 days of low (. 10% Eddington)
accretion rate has challenged superburst theory, as it is diffi-
cult to explain carbon ignition at the observed depths when
2000 2003
2010 2011
Figure 1. 39” x 52” Chandra images of Terzan 5 from differ-
ent epochs show the 2011 outburst source is EXO 1745–248. The
upper-left panel shows the combined image of two observations
(July 24 and 29, 2000, ObsIDs 655 and 644, respectively) for a
total time of 47 ksec (see Heinke et al. 2003). The upper-right
panel shows a 35-ksec observation on July 13th, 2003 (ObsID
3798; see Wijnands et al. 2005; Heinke et al. 2006). The lower
left panel is a 10 ksec observation on Oct. 24, 2010 (ObsID 11051;
Pooley et al. 2010), and the lower right panel is our 9.8 ksec ob-
servation on Nov. 3, 2011 (ObsID 12454; Pooley et al. 2011). All
images were extracted in the 1-3 keV energy range (chosen to
try to maximize S/N in the 2011 image). Ten X-ray sources from
Heinke et al. (2006) are marked with red circles (2-pixel – 0.984”
radius). Diamonds mark the position of EXO 1745–248 as de-
tected in its 2000 outburst. The active source in the 2010 obser-
vation (Pooley et al. 2010) was the 11 Hz pulsar IGR J17480–2446
(Strohmayer & Markwardt 2010; Papitto et al. 2011)
the NS surface is still cool (Keek et al. 2008), i.e., when ac-
cretion has not yet been able to “warm up” the NS. The su-
perburst candidate in Terzan 5 is even more challenging for
theoretical models, as the NS is very cool (Wijnands et al.
2005; Degenaar & Wijnands 2012) and the superburst onset
was coincident with a period of only low-level accretion, or
no accretion at all.
2 OBSERVATIONS AND DATA ANALYSIS
In this paper we make use of data from the MAXI
(Matsuoka et al. 2009), Swift/BAT (Burst Alert Telescope
Barthelmy et al. 2005), Chandra (Garmire et al. 2003), IN-
TEGRAL (Winkler et al. 2003) and RXTE (Jahoda et al.
1996) missions. Most data presented here were obtained dur-
ing October-November 2011. However, as we explain below,
we also used archival data sets from different periods to put
our results in a long-term context.
We used the processed MAXI data as provided by the
MAXI Team: four light curves are available (corresponding
to the 2–4 keV, 4–10 keV, 10-20 keV and 2-20 keV energy
bands), which are given in either 1-day or 1 orbit bins1.
We also used data from the Swift/BAT transient monitor2.
1 http://maxi.riken.jp/top/
2 http://swift.gsfc.nasa.gov/docs/swift/results/transients/
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These 15–50 keV data are provided by the Swift/BAT team
after being processed, corrected for systematic errors and
binned in both daily and orbital bins.
To identify the active source in Terzan 5, we obtained
a 9.8 ks Chandra observation (ObsID 12454, November 3rd,
2011 at 5:05:57 UTC.) taken with the ACIS S3 chip in imag-
ing mode. We also used other available Chandra observa-
tions of Terzan 5 (e.g., Wijnands et al. 2005; Heinke et al.
2006; Pooley et al. 2010). All images were reprocessed with
CIAO 4.3 following standard recipes3.
We used 18 pointed observations of the RXTE Pro-
portional Counter Array (PCA; for instrument informa-
tion see Zhang et al. 1993; Jahoda et al. 2006) that sam-
pled the 2011 outburst in Terzan 5. We use the 16-s
time-resolution Standard 2 mode data to calculate the
Crab-normalized 2.0–16.0 keV intensity as described in
Altamirano et al. (2008). For the timing analysis we used
Event mode E 125us 64M 0 1s or the Good Xenon data.
Power spectra were generated following Altamirano et al.
(2008) using data segments of 128 seconds and 1/8192 s time
bins. To fit the power spectra, we used a multi-Lorentzian
function. We only include those Lorentzians in the fits whose
single trial significance exceeds 3σ based on the error in the
power integrated from 0 to∞ and we give their frequency in
terms of characteristic frequency (Belloni et al. 2002). The
quoted errors use ∆χ2 = 1.0 corresponding to a 68% confi-
dence level.
Recent estimates of the distance to the globular cluster
Terzan 5 range between 4.6 kpc and 8.7 kpc (Cohn et al.
2002; Ortolani et al. 2007; Lanzoni et al. 2010). The large
distance range to this globular cluster is mainly due to an
ongoing discussion on how to identify the horizontal branch
in the Hertzsprung-Russell diagram of Terzan 5 and the
assumed reddening factor in the direction of this globu-
lar cluster. We refer the reader to the discussion reported
in Ortolani et al. (2007). Following these authors’ discus-
sion, in this paper we use a distance of 5.5± 0.9 kpc which
falls in-between the different estimates and comes from Hub-
ble Space Telescope photometry of Terzan 5 (Ortolani et al.
2007).
3 RESULTS
3.1 Identification of the source in Terzan 5
Inspection of the 2011 Chandra data reveals a bright tran-
sient (which suffers from pile up) and a few low-luminosity
X-ray sources that are also seen in deeper Chandra obser-
vations in quiescence, such as the 2003 observation shown
in Figure 1. We match 10 of the brighter 2011 sources with
sources in the 2003 observation, allowing us to confidently
identify (within 0.2”) the 2011 X-ray transient in Terzan
5 with CXOGlb J174805.2-244647 (CX3 in Heinke et al.
2006, at J2000 coordinates 17:48:05.236 (0.002), -24:46:47.38
(0.02)). In Figure 1 we show Chandra images of Terzan
5 from different epochs including that of 2011. Given
that the 2000 outburst was identified with EXO 1745–248
(Markwardt et al. 2000; Wijnands et al. 2005), in the rest
of this paper we refer to the source as EXO 1745–248.
3 http://cxc.harvard.edu/ciao/threads/
3.2 Long term light curves
In the left panel of Figure 2 we show the 2–20 keV MAXI
(upper panel), 15-50 keV Swift/BAT (middle panel) and
2–16 keV RXTE light curve (lower panel). In the lower
panel we also show the INTEGRAL upper limits; in the
upper panel we mark the time of the Chandra observation.
Right panels show a zoom-in to the moment of the initial
X-ray flare. Due to the low statistics of both the MAXI
and Swift/BAT orbital data, we used an adaptive binning
method which (i) has been fixed to start around the begin-
ning of the flare (MJD 55859.5) and (ii) bins observations
until finding a 3σ detection within a day, or calculates a 3σ
upper limit for 1 day of data. Figure 2 shows that the peak of
the X-ray flare as seen by MAXI occurs approximately half
a day before that of Swift/BAT. Other binning methods led
to similar results. Figure 2 also shows that both MAXI and
Swift/BAT appear to have detected the source before the
peak of the flare in the MAXI data. In a period of ∼250 days
before the flare we find five similarly significant detections
in the MAXI light curve and two in the Swift/BAT light
curve. These events did not occur simultaneously in MAXI
and Swift/BAT and even if real, cannot be unambiguously
identified with EXO 1745–248 due to the large number of X-
ray sources in Terzan 5 (e.g., Heinke et al. 2006). The fact
that we find simultaneous excesses in the MAXI and the
Swift/BAT data is suggestive of a real increase of flux be-
fore the flare; however, given the lack of further information
we decided to take these detections only as marginally sig-
nificant given the systematic errors and possible background
issues which we are unable to account for.
The last RXTE/PCA observation was performed on
November 19th, 2011, after which the source was not visible
anymore due to visibility constraints. The lower-left panel of
Figure 2 shows that the outburst lasted at least 25 days (still
ongoing at the moment of the last pointed observation); but
that the source was brighter than 10 mCrab for only about
4 days.
Terzan 5 was not visible to X-ray instruments (due to
Sun constraints) for the next couple of months. The next
pointed observation of Terzan 5 was on Feb. 9, 2012, for 972
seconds with Swift-XRT, which showed a count rate of 0.015
cts/s, translating to a total LX ∼ 6× 10
33 ergs s−1. As this
is consistent with the typical integrated X-ray luminosity
of the cluster sources in quiescence, we conclude that the
outburst was finished by then, having lasted between 25 and
106 days.
3.3 Type-I X-ray bursts and Superbursts
We searched all RXTE observations of Terzan 5 that were
taken in 2011 (up until November 19th) for Type-I X-ray
bursts, but none were found. Lower limits on X-ray burst
recurrence times are unconstrained, as our data set consists
of about 27 hr of data in about 15 days, i.e., at an average
of less than 2 hr a day. The MAXI data consist of about
100 orbital data sets with an average length of less than a
minute each. None of these pointings show evidence for an
X-ray burst (see also Serino et al. 2012).
To calculate the bolometric luminosity, radiated energy,
and e-folding timescale of the flare we used the background-
corrected 2–4 keV MAXI data during the period MJD
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. X-ray light curves of EXO 1745–248 in Terzan 5 as sampled with MAXI (upper panels), Swift/BAT (middle panels) and
RXTE pointed observations (lower panels). For MAXI we subtracted an average background of 0.05 cts/sec before converting to Crab.
MAXI and Swift/BAT data points are either a 3σ detection or a 3σ upper limit (see Section 3.2 for more details). The dashed-line in
the upper-left panel marks the time of the Chandra observation (MJD 55868). The arrows in the lower panels marks the time of the
INTEGRAL 2–10 keV 6 mCrab upper limits (with IBIS/ISGRI upper limit higher than JEM-X) while the circles mark the average
per observation RXTE 2–16 keV intensity. The horizontal dashed line in the lower panels marks the average background emission as
estimated from 10 months of RXTE non-detections before the 2011 outburst in Terzan 5. These values can be taken as upper limits to
the intensity. Vertical lines mark the approximate region between the onset and end time of the superburst. Right panels show zoom-ins
to this region.
55858.5-55859.5. (We did not use the 2–20 keV lightcurve
to avoid systematics related to the flux conversions be-
tween a 2 keV blackbody and a 2.1-index powerlaw as in
the Crab Nebula spectra). We estimated the RXTE Crab
flux in the 2–4 keV range to be 1.0326 × 10−8 ergs cm−2
s−1. For the 2–4 keV MAXI light curve4, 1 Crab equals
1.87 photons cm−2 s−1. With the above values we trans-
formed the 2–4 keV intensity (photons cm−2 s−1) into flux.
We then followed Mihara et al. (2011)5 and approximated
blackbody color temperatures from the 4–10 keV/ 2–4 keV
color hardness. Then we used PIMMS6, the absorbed flux,
4 see http://http://maxi.riken.jp/top/
5 The method used by Mihara et al. (2011) is instrument depen-
dent, and consists of the estimation of hardness ratios for given
kT parameters through simulated energy spectra using the MAXI
energy response. The energy ranges used in this paper and in
Mihara et al. (2011) allows estimates of the temperature kT from
the hardness ratios (M. Serino, private communication). Similar
methods have been used for RXTE (e.g., Figure 1 in Belloni et al.
2000).
6 http://heasarc.nasa.gov/Tools/w3pimms.html
and color temperatures estimated above to approximate the
unabsorbed (assuming Galactic NH = 1.2 × 10
22 cm−2,
Altamirano et al. 2011b) bolometric flux of a black body
in the 0.01-200 keV range. We finally converted our values
to bolometric luminosities assuming a distance of 5.5 kpc
(Ortolani et al. 2007). The bolometric luminosity of the su-
perburst as a function of time is shown in Figure 3.
Due to: (i) all of the assumptions made to calculate the
bolometric luminosity, (ii) the fact that the MAXI data does
not sample the beginning of the flare (which could have hap-
pened at any time in the 90 min between orbits), and, (iii)
the fact that under the hypothesis that the flare is from a
thermonuclear origin, we assume the contribution from the
accretion disk to be negligible, it is not possible to get tight
constraints on the characteristics of the flare. Since the first
MAXI data point sampling the flare is at ∼ 6× 1037 (D/5.5
kpc)2 ergs s−1, the flare peak was probably brighter. The
flare duration is about a day; an exponential fit to the bolo-
metric luminosity light curve gives e-folding times between
6 and 11 hr depending on the assumed onset time. Expo-
nential fits to the raw 2-20 keV MAXI data give consistent
results. Integrating this exponential curve during a 1 day
c© 2012 RAS, MNRAS 000, 1–??
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period gives a radiated energy in the 2−9×1042 ergs range.
More than 85% of the contribution comes from the first 5
hr. All of these values are within the ranges expected for su-
perbursts, although this one appears to be one of the longest
such bursts (see, e.g., Keek & in’t Zand 2008). Our results,
together with the fact that the MAXI spectra of the flare
are consistent with blackbody spectra at ∼2–3 keV that cool
as the intensity decreases (Mihara et al. 2011; Serino et al.
2012), strongly suggest that the observed X-ray flare is most
probably a superburst.
We note that recently Serino et al. (2012) reported on
the spectral modeling of the same MAXI data used in this
work. Their spectral results are binned into 5 intervals (A-
E) of different time-lengths to improve the S/N of their en-
ergy spectra. The method used in this paper to estimate
the blackbody temperature and flux is more rudimentary,
but has the advantage of giving more points for fitting the
thermal evolution of a superbursts (see Section 3.4). Given
that the values of bolometric luminosity and radiated energy
Serino et al. (2012) obtain are consistent with ours within
errors (after correcting for the fact that they estimated the
fluence in the 2–20 keV range, and used 8.7 kpc as the dis-
tance to Terzan 5), in the following Sections we use the
values for the bolometric luminosity as we calculated above.
3.4 Ignition depth and energy release
Cumming & Macbeth (2004) modeled the thermal evolution
of the surface layers as they cool after a superburst onset, as-
suming that the fuel is burned locally and instantly. These
authors showed that simultaneous modeling of superburst
light curves and quenching times could be used to constrain
both the thickness of the fuel layer and the energy deposited
in the neutron star envelope. Cumming et al. (2006) applied
the Cumming & Macbeth (2004) models to the observations
of several superbursts and found that their fits implied ig-
nition column depths in the range (0.5− 3) × 1012 g cm−2,
energy releases on the order of ≈ 2×1017 ergs g−1, and total
radiated energies on the order of 1042 ergs, very similar to
the observed superburst characteristics.
The model has four free parameters to vary: energy re-
lease E18×10
18 ergs g−1, ignition column depth yign (in units
of g cm−2), burst start time, and the power-law slope of
the initial temperature profile T∝ yαign. The model assumes
a 1.4 M⊙ and a 10 km radius NS. Cumming et al. (2006)
assumed that the fuel burned instantaneously “in place”,
giving an initial temperature profile with α ∼1/8. Instant
burning implies that the rise of the burst is instantaneous.
Here we also explore α = 0.225, which is required to fit the
rise of the superburst light curve of 4U 1636–53 (this fit and
its implications will be published elsewhere).
As is usually the case in the spectral analysis of Type-I
X-ray bursts, it is possible that the tail of the superburst
can be contaminated by the accretion disk. To understand
the possible contribution, we fit all superburst data as well
as data from the first 0.5 days (12 and 6 independent points,
respectively). We assumed a distance of 5.5 ± 0.9 kpc and
allowed the superburst start time to vary between 0 and 5800
seconds before the first data point. To model the superburst
lightcurve we used a Markov chain Monte Carlo method
with 30,000 samples.
Although we find that yign is well constrained to
Time (s) assuming the SB started a 1000 s before first datapoint
Time (s) assuming the SB started a 4000 s before first datapoint
Figure 3. Upper and lower panel show representative fits to
the first 6 data points assuming MAXI observations starting
1000 s and 4000 s after superburst ignition, respectively. Upper
panel: solid, dotted, dot-dashed and dashed curves correspond
to E18 = 0.28, 0.28, 0.28, 0.175 and yign = 12.06, 11.8, 12.3, 12.1,
respectively. Bottom panel: solid, dotted and dashed curves cor-
respond to E18 = 0.29, 0.6, 0.225 and yign = 12.04, 11.9, 12.0, re-
spectively. Solid, dotted and dot-dashed curves assume α = 0.225
while the dashed curves assume α = 1/8, i.e., instantaneous burn-
ing.
log yign = 12.0 ± 0.3 (including errors in the distance), our
fits failed to constrain the start time and E18. This is due to
the fact that our data does not sample the initial rise of the
superburst: as explained by Cumming & Macbeth (2004),
during the first part of the superburst the energy released
from the surface is mainly sensitive to E18 and insensitive to
yign. However, as the superburst evolves, the characteristics
of the cooling tail mainly depend on yign.
In the upper and lower panel of Figure 3 we show repre-
sentative fits to the first 6 data points of the superburst for
different E18 and yign, assuming that the first MAXI obser-
vation occurred 1000 or 4000 seconds after the superburst
ignition, respectively.
For a 1000 s start time (upper panel), our data sample
the first hour of the superburst and therefore the model al-
lows only a narrow range of E18. The column depth is not as
well constrained when using 6 points (but it is when using
12 points). For a start time of 4000 s (bottom panel), how-
ever, the first data point becomes part of the cooling tail.
c© 2012 RAS, MNRAS 000, 1–??
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Figure 4. Contours for α = 0.225 when using the first 6 data
points (left) vs 12 data points (right) of the superburst. Filled
curves are for a superburst starting time of 1000 s while dashed
curves for 4000 s. Contours are at 68% and 95% confidence level.
This means that the early part of the lightcurve can be very
bright, E18 becomes poorly constrained while yign is well-
constrained when using both 6 and 12 points. In Figure 4
we show the relation between E18 and yign (α = 0.225).
Left and right panels are for fits to the first 6 and 12 su-
perburst data points, respectively. We note that a larger
distance than that assumed in this paper would imply that
the data points of the superburst move to higher luminosity.
This requires a larger energy release to increase the luminos-
ity in the early part of the superburst, and a deeper ignition
depth to increase the luminosity in the cooling tail. For the
largest distance estimate of 8.7 kpc, we find that the in-
ferred energy release increases to close to 1018 ergg−1 and
the column depth close to 1013 g cm−2.
3.5 Short (sub-second) variability
Our power spectral analysis does not reveal major features.
In the first observation of the outburst (MJD 55860.2) we
only find a 3.2σ (single trial) 500±20 Hz QPO. In the follow-
ing three observations which sample the rest of the bright
part of the outburst, the power spectra are well described
by a combination of 3 zero-centered Lorentzians with νmax
at ∼0.002, ∼1 and ∼15 Hz. After MJD 55864.5 we only de-
tect evidence for power-law low-frequency noise. Adding all
these observations to increase statistics did not reveal any
additional feature.
4 DISCUSSION
We present Chandra, RXTE, Swift/BAT and MAXI data of
the X-ray flare and subsequent outburst of EXO 1745–322
in Terzan 5. We show that the active source is the same as
that active in 2000 and that the characteristics of the flare
are consistent with what is expected for a superburst. We
also show that the outburst may have started just before
the superburst onset, although our results are not conclu-
sive due to systematics in the data. The Swift/BAT peak
EXO 1745–248 4U 1254-690
τexp(hr) 6− 11 6± 0.3
Eb(10
42 erg) 2− 9 0.8± 0.2
log(y/(g cm−2)) 12.0 ± 0.3 12.4
E18(1018 erg g−1) > 0.1 0.15
Table 1. Comparison to the superburst of 4U 1254-690
(in’t Zand et al. 2003; Cumming et al. 2006).
in the superburst flux was delayed by about 0.5 days com-
pared to the flux peak on the MAXI data. Similar delays be-
tween soft and hard energy bands have already been seen in
Type-I X-ray bursts (order of seconds, see, e.g., Lewin et al.
1993; Falanga et al. 2008; Chelovekov & Grebenev 2011)
and in at least one superburst (about ∼1000 sec in the
LMXB 4U 1820–30, see, e.g., in’t Zand & Weinberg 2010).
These delays have been interpreted as due to photospheric-
radius expansion (PRE) bursts, where the X-ray intensity
first peaks in the low-energy band and later X-rays be-
come visible at higher energies (see, e.g., Lewin et al. 1993;
in’t Zand & Weinberg 2010). The ∼ 1000 sec duration of
the PRE phase in the superburst observed in the LMXB 4U
1820-30 is already at the limit of what current superburst
models can explain. Irrespective of the mechanism, the de-
lay is by far the largest. The fact that it is so much larger,
may raise the question of its origin being the same as that
proposed for Type-I PRE X-ray bursts.
In Section 3.2 we show marginal evidence that EXO
1745–248 may have been detected before the peak of the
superburst. In the rest of this section we will discuss the im-
plications of our results on superburst theory taking into ac-
count both the possibilities that the outburst started a few
days before, or approximately a day after the peak of the
superburst. For a discussion on how the superburst emis-
sion may have affected the accretion disk to trigger the
subsequent outburst, we refer the reader to Serino et al.
(2012). We note that if the pre-superburst detections of
the source are real, then the superburst most probably mo-
mentarily affected the normal outburst evolution (see, e.g.,
Ballantyne & Strohmayer 2004, for the study of the evolu-
tion of the accretion disk around the NS system 4U 1820–30
during a superburst).
4.1 Comparison to other superbursts and
theoretical implications
Previously, the longest and most energetic superburst known
from a hydrogen accreting source was from 4U 1254–690
(in ’t Zand et al. 2003). Unlike for that superburst, we did
not observe the start of the superburst from EXO 1745–248,
resulting in large uncertainties in the superburst properties.
The superburst of EXO 1745–248 is at least of equal du-
ration, and twice as energetic (Table 1). The largest val-
ues of the bolometric radiated energy, Eb, consistent with
the observations, are close to the predicted maximum ra-
diated energy for a superburst set by neutrino emission
(Keek & Heger 2011; see also Cumming et al. 2006).
The decay time, τexp, depends on the thickness of the
cooling layer, and, therefore, on the ignition column depth,
yign. For 4U 1254–690 the depth was determined using the
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instantaneous burning model, yielding a depth comparable
to the larger values in the range we derive for EXO 1745–
248, which are also favored by our fits with the same
model (Cumming et al. 2006). This suggests that the igni-
tion depths and decay times of the two superbursts likely
have similar values. The larger Eb for EXO 1745–248 can
be explained by the burning of more carbon-rich material,
which is accommodated by the larger values in the range
found for the specific energy release, E18. Therefore, this
is the most energetic and possibly the longest superburst
observed to date.
Most superbursting sources, including 4U 1254–690,
are observed to accrete continuously at a high rate of
around 10% of the Eddington limited rate M˙Edd = 2 ×
10−8M⊙yr
−1 (for solar composition and a 10 km radius;
e.g., Keek & in’t Zand 2008). The high rate ensures a hot
outer crust, forces unstable ignition of the carbon, and may
be necessary for the production of a mixture of carbon and
heavy isotopes that is thought to be the fuel for superbursts
(Cumming & Bildsten 2001; see also Cooper et al. 2009).
Both sufficient heat and carbon are required for superburst
ignition. This scenario was challenged by the observation of
the superburst from the NS-transient 4U 1608–522, which
occurred only 55 days after the onset of an accretion out-
burst. Keek et al. (2008) showed that the neutron star enve-
lope does not heat up quickly enough to explain the ignition
of runaway carbon burning. In the past year three more
superbursts have been detected from transient sources, in-
cluding the one discussed in this paper (for the other de-
tections see Chenevez et al. 2011; Asada et al. 2011). Even
if we assume that EXO 1745–248 started accreting at an
increased rate 0.5 days or even a few days before the super-
burst (but at levels undetected by MAXI and Swift/BAT),
the time is much too short for the envelope at the derived
ignition depths to heat up from either thermonuclear burn-
ing in the envelope or from nuclear processes in the inner
crust. Therefore, sufficient heat must have been generated at
the superburst ignition depth within this short time interval.
Currently there is no known process that could provide this.
The case for a substantial additional heat source in the outer
crust (close to the superburst ignition depth) has also been
made from observations of crustal cooling after outbursts
in long-duration transients (Brown & Cumming 2009). The
0.5 days time scale that we find, however, puts strong con-
straints on the immediacy with which this heating process
must take place.
4.2 On the Carbon production
But where does the carbon-fuel necessary for a superburst
come from? Hydrogen-accreting superbursters display a high
ratio of the persistent fluence between two (Type-I X-
ray) bursts to the burst fluence (in ’t Zand et al. 2003),
indicating that apart from during Type-I X-ray bursts,
a substantial fraction of the accreted hydrogen and he-
lium burns in a stable manner. This is thought to be
a required process to produce the carbon fuel for super-
bursters (Schatz et al. 2003), and it is observed to occur
close to an accretion rate of 10% M˙Edd, i.e., the rate in-
ferred for most superbursters. During the outburst in 2000,
EXO 1745–248 accreted at a comparable rate of on aver-
age 17% M˙Edd for two months (Degenaar & Wijnands 2012),
during which there were bursts as well as periods without
bursts. In fact, because the quiescent luminosity is over a
factor 104−5 lower (Lx in quiescence is 5 − 7 × 10
32 erg
s−1, see Degenaar & Wijnands 2012), effectively all of the
superburst fuel must have been created in such short out-
bursts. This conclusion is still valid even if we consider that
at the above level of quiescent emission, EXO 1745–248’s
luminosity might vary by a factor of a few on timescales of
hours-years (which may indicate that the accretion does not
fully switch off in quiescence, but continues at a very low
rates, see, e.g., Wijnands et al. 2005).
During the outburst in 2000, about 8% of the in-
ferred yign = 1.0 × 10
12 g cm−2 was accreted. Using
the shortest suggested outburst recurrence time of 11 yr
(Degenaar & Wijnands 2012), a superburst recurrence time
of 186 yr is inferred, but it may very well be longer (unless
the outburst recurrence time is shorter, which would trans-
late in shorter superburst recurrence times). Because of the
low average luminosity, the neutron star is relatively cool,
which reduced the carbon burning rate at the bottom of the
accreted pile to allow for sufficient carbon to remain to trig-
ger a thermonuclear runaway after such a long recurrence
time.
Of course, we cannot exclude the possibility that the
superburst ignition conditions had been almost reached dur-
ing the previous outburst, such that only a short accretion
episode of a few days was required to set it off. Although
not impossible, we find it improbable as the outer crust is
expected to have reached a higher temperature by heating
during the two-month outburst in 2000 (i.e. conditions more
favorable for ignition), than after a few days in 2011.
A more plausible scenario could be that the carbon-
fuel necessary for a superburst was created mostly dur-
ing outburst, and then concentrated during the long pe-
riod of quiescence, as after accretion ceases, there is time
for the light and heavy elements to separate out from each
other (see, e.g., Brown et al. 2002). An additional poten-
tially important process is chemical separation by freez-
ing at the interface of the ocean and the outer crust (see
Medin & Cumming 2011, and references therein). After the
previous outburst there was plenty of time for carbon to
separate out from iron and heavier isotopes, and so sub-
stantially increasing the carbon fraction at the bottom of the
accreted column. If this scenario is correct, then it is possi-
ble to explain the yign necessary in cases where superburst
ignition occurs at early times of the outburst. However, it
could be problematic for models, as pure carbon layers have
a higher thermal conductivity and will remain colder than
an impure carbon layers (see Cumming & Bildsten 2001);
moreover, upwards transport of carbon could make it harder
for the carbon to reach ignition depth. In any case, still un-
explained is how the neutron star temperature can rise so
quickly at the start of the outburst to be able to ignite the
superburst.
The difficulties faced by superburst models that invoke
carbon ignition may point to a different fuel for superbursts.
In the analysis of bursts from the likely ultra compact X-
ray binary 4U 0614+091, Kuulkers et al. (2010) pointed out
that in principle helium ignition could explain many of the
observed column depths of superbursts. This would require
accumulation of a deep and cold layer of helium on the star.
Further theoretical work on this scenario is needed, but the
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fact that the superburst from EXO 1745–248 appears to
have one of the largest ignition column depths of known
superbursts may place it too deep for helium ignition.
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